Many ultraviolet (UV)-based disinfection methods have been developed; however, these methods usually use the recirculating mode or need long irradiation periods due to its low photon energy. Vacuum UV (VUV) was recently found to be a promising light source, despite its ozone generation. In this study, we investigated photocatalysis reactions by VUV with short irradiation times (0.004-0.125s) for simultaneously inactivating airborne MS2 viruses and degrading the generated ozone toward a flow-through air disinfection system with high flow-rates. We developed three effective shapes for the catalyst frame: 2mm and 5mm pleated, and spiral-type Pd-TiO 2 catalysts. The 2mm pleated Pd-TiO 2 /VUV photocatalyst exhibited the highest activity ACCEPTED MANUSCRIPT ACCEPTED MANUSCRIPT 2 for simultaneous MS2 inactivation and ozone degradation, and the catalytic activity was effective regardless of relative humidity. Considering the gas phase and catalyst surface effects, and the natural inactivation of VUV-irradiated but live MS2 viruses, the 2mm pleated PdTiO 2 /VUV and succeeding UV photocatalysis showed more than 90% in the overall inactivation efficiency with residual ozone of 35ppb at an irradiation time of 0.009s (flow-rate: 33 l/min). In contrast, most UV-based purifiers take longer times for disinfection. This system has the potential for an alternative to conventional UV-based air purifiers.
activity when the irradiation time is low, electron-hole recombination, and accumulation of refractory intermediates .
Recently, vacuum UV (VUV, wavelength ≤ 200 nm) photocatalysis has attracted much attention for air and wastewater treatment applications due to its higher photon energy (6.70 eV) than other UV sources (4.88 and 3.40 eV) having longer UV wavelength (254 and 365 nm) (Fu et al. 2012) . VUV light readily breaks down most chemical bonds and generates strong oxidants such as ROS, hydroxyl radicals, and ozone Jeong et al. 2004) . Nevertheless, the use of VUV light is limited by the generation of toxic ozone . As ozone is known to cause adverse health effects, the residual ozone generated during VUV photocatalysis must be eliminated Oyama and Dhandapani 1997) . Among the different techniques to degrade ozone, catalytic decomposition might be a most appropriate one (Park et al. 2011 ). Previously, noble metals (Pt, Pd, Au) deposited TiO 2 catalysts under VUV irradiation were investigated, in which the effective photocatalytic activity for both volatile organic compounds (VOCs) decomposition and ozone conversion was reported (Fu et al. 2012 ). In particular, palladium (Pd), usually in the form of nanoparticles, has been found to be a potential photocatalyst for eliminating VOCs. Pd nanoparticles on a TiO 2 catalyst improved the photocatalytic activity by trapping electrons to inhibit the recombination of electron holes, generating strong oxidants such as hydroxyl radicals and reactive oxygen species (Kim et al. 2014) .
The majority of studies on UV PCO have focused on water disinfection using TiO 2 aqueous suspensions or self-decontaminating TiO 2 surfaces (Guo et al. 2012; Rincón and Pulgarin 2004; Sunada et al. 1998) ; only a few studies have been conducted on UV photocatalytic disinfection of airborne bacteria or viruses, which are often called bioaerosols (Daikoku et al. 2015; Josset et al. 2010; Keller et al. 2005; Lin et al. 2010; Pal et al. 2008; Pigeot-Remy et al. 2014; RodriguesSilva et al. 2017) . Furthermore, VUV photocatalytic inactivation of bioaerosols has not been explored yet (Table 1) . In this study, we present a VUV PCO system for simultaneously inactivating airborne viruses and degrading residual ozone, aiming to develop a flow-through air disinfection system with a high flow-rate, which is suitable due to its high photon energy. In this regard, a very short irradiation time (≤ 0.125 s) was used in this study unlike most previous UV PCO studies. MS2 bacteriophage was selected as the model for this study. It has been widely used as a surrogate airborne virus, as its morphology is similar to that of many pathogenic viruses, including rhinovirus, poliovirus, and foot and mouth disease virus (Hong et al. 2016 ).
The performance of UV photocatalysis is influenced by several factors such as relative humidity (RH), irradiation time, distance between the catalyst and the lamp, shape of the catalyst, specific energy input, ratio of catalyst area to reactor volume (S/V; m 2 /m 3 ), and ratio of reactor volume to the power of the lamp (V/P; m 3 /W) (Josset et al. 2010; Mo et al. 2005) . In this study, we evaluated the feasibility of a high flow-rate VUV photocatalysis system for inactivating airborne viruses in terms of these factors. In particular, the shape of the catalyst was investigated, as it dictates the effective gas-solid interaction of a VUV-based air purifier. We developed Pddeposited TiO 2 catalyst frames with different shapes (spiral type and 2 mm and 5 mm pleated type) to improve the contact between the catalyst and the virus-laden air. In addition, UV (at 254 nm wavelength, hereafter referred to simply as UV) photolysis, ozone-combined UV photolysis, and direct ozone treatment were performed to investigate the roles of ozone and UV light of 185 nm wavelength on the inactivation of MS2 bacteriophages in the VUV photocatalysis system.
The effects of RH on the inactivation of MS2 bacteriophages and ozone degradation, as well as the change in infectivity of VUV-irradiated but still live MS2 bacteriophages over time at different temperature, were also investigated. provided by drying and filtering compressed house air using a clean air supply (Dekati, Finland).
The flow rate of the air was controlled using mass flow controllers (MFC, 5850E, Brooks) with an MFC readout box (GMC 1200, ATOVAC). RH was controlled by passing the air through a thermostatic saturator (RW-0525G, JEIO TECH). The air flow-rate through the photo-reactor was 33 l/min (liter per minute), and the irradiation times calculated from the lamp length and the flow rate at the reaction site were 0.004-0.125 s. A digital micro-manometer (922, Fluke) was used to measure the pressure drop along the photo-reactor. Airborne MS2 viruses were collected at the inlet and outlet of the photo-reactor using a liquid impinger (BioSampler, SKC Inc., Eighty Four), and the concentrations of viable MS2 viruses were measured by plaque assays, which will be more explained in 2.4. The VUV lamp was switched on after the concentrations at the inlet and outlet became equal and steady, which took approximately 3 h. The ozone was supplied from a VUV photolysis (without catalyst) generator, added to the photo-reactor with MS2 viruses for 0.125 s, and monitored online with an ozone analyzer (Model 49i, Thermo Electron). 
Preparation of catalysts
Four types of catalyst frame shapes (2 mm and 5 mm pleated, spiral, and flat sheet type) were made using 0.2-mm thick titanium ( films were made on the Ti substrates using the sol-gel method, and Pd was deposited on these TiO 2 films using a low-temperature electrostatic self-assembly method described in a previous study (Kim et al. 2014) . Briefly, the frames with TiO 2 film were immersed in a Pd colloid solution kept in water at 0 °C for 10 min. The colloid solution was prepared by mixing an aqueous solution of polyvinyl alcohol (PVA; 0.02 mM, Junsei) containing PdCl 2 (0.6 mM, Sigma Aldrich) with a NaBH 4 solution (3.2 mM, Junsei). After immersion, the frames with PdTiO 2 film were removed and rinsed with boiling water thrice to remove chloride ions. After completely drying, these frames were heated in air at 300 °C for 1 h to remove the capped PVA.
Preparation and enumeration of MS2 bacteriophages
All media, reagents, and glassware used for the culture preparation were initially sterilized by autoclaving at 121 °C for 15 min. The MS2 bacteriophage (15597-B1, ATCC) was used as a surrogate for airborne viruses in this study (Hong et al. 2016) . Escherichia coli C3000 (15597, ATCC) was chosen as the host bacterium. First, to cultivate the MS2 bacteriophage, the host bacteria were inoculated in 20 ml of tryptic soy broth (TSB, 211825, Becton, Dickinson and Company) and incubated while shaking at 160 rpm and 37 °C for 12 h. For the propagation of phages, freeze-dried MS2 phages were dissolved in 1× phosphate-buffered saline (PBS, pH 7.4, GIBCO) at a concentration of 1 mg/ml. The resultant MS2 suspension (500 μl) was added to 10 ml of the E. coli C3000 culture, and this mixture was further incubated at 160 rpm and 37 °C for 6 h. After propagation, the mixture was centrifuged at 3000 rpm (Centrifuge FLETA 5, Hanil, Korea) for 10 min to separate the bacterial cells and their debris from the MS2 suspension. The supernatant was filtered thrice through membrane filters with 0.22-μm pores (4612, Pall Corporation). The filtered MS2 stock suspension at a concentration of 10 11 plaque-forming units (PFU)/ml was stored at −20 °C, until further use. Finally, the suspension for nebulization was made by adding 100 μl of the stock to 99.9 ml of deionized water. The concentration of viable MS2 phages in the suspension was measured to be 2.30 (± 1.27) × 10 8 PFU/ml.
Bioaerosol sampling, quantification, and analysis
Each air sample was collected at the reactor outlet using a liquid impinger (BioSampler, SKC Inc., Eighty Four) with 20 ml of 1× PBS solution for 10 min. A vacuum pump (Tanker215, Roker) was used at a flow rate of 12.5 l/min for this impinger. Before sampling, the air flow of the impinger was calibrated with a bubble flowmeter (2048-U, SUPELCO Analytical). After sampling, the acquired sample suspensions were stored at 4 ºC until further analysis.
For quantifying the concentration of MS2 in the samples, early log-phase cultures in a TSB medium with 1.5% broth agar were used, based on the plaque assay method according to the ISO 10705-1 guidelines. Briefly, 20 ml of the broth agar was poured onto a 90-mm diameter petri dish and allowed to solidify. After solidification, 200 μl of the previously prepared E. coli C3000 culture suspension was uniformly spread on the broth agar surface. The collected MS2 suspension (100 μl) was pipetted onto the agar plate and allowed to solidify. The agar plate was then incubated upside-down at 37 ºC for 5 h, and the MS2 plaques were counted. This was also used to determine the concentration of MS2 stock solution.
To assess the effect of the catalyst frame shapes on MS2 inactivation and ozone degradation, the efficiencies were calculated as follows: is the concentration of ozone in the presence of a catalyst.
Experimental procedure
Generally, UV photocatalysis reactions occur heterogeneously both in the gas phase and on the catalyst surface (Kim et al. 2014) . Firstly, only the gas phase reaction was explored to study the role of VUV light in VUV photocatalysis. The gas phase reaction under VUV light involves light of 185 nm wavelength, light of 254 nm wavelength, ozone oxidation, water ionization, and subsequent attack of reactive oxidant species (Huang et al. 2016 ) since commercial VUV lamps generally emit both 185 nm and 254 nm wavelength components, with photon energies of 6.70 eV and 4.88 eV, respectively (Zhang et al. 2004 ). Light of 185 nm wavelength and residual ozone are both typical of the VUV photolysis process. In order to identify the component responsible for the inactivation, MS2 inactivation efficiency at short irradiation times were compared in four treatments: VUV 185+254 nm light (VUV photolysis without photocatalyst), UV 254 nm light (UV photolysis), ozone dose combined with UV photolysis (ozone + UV 254 nm light), and ozone dose treatment alone.
Three more tests were then conducted to investigate the effects of the catalyst shape on the MS2 inactivation and ozone degradation. The first test aimed to compare the photocatalytic activities of conventional plate type catalysts with two different materials: TiO 2 catalyst and Pd nanoparticle-deposited TiO 2 (hereafter referred to as Pd-TiO 2 ) catalyst. Thus, we evaluated the effects of Pd nanoparticles on TiO 2 catalyst. Second, the photocatalytic efficiencies of four catalyst frame shapes (2 mm pleated Pd-TiO 2 catalyst, 5 mm pleated Pd-TiO 2 catalyst, and spiral type Pd-TiO 2 catalyst) were evaluated in order to improve the plate type Pd-TiO 2 catalyst.
Finally, for practical application of VUV photocatalysis, we evaluated the combined effect of VUV photocatalysis followed by UV photocatalysis.
Statistical analysis
All experiments were conducted in triplicate. The average values of the data are shown in the figures, and their standard deviations are indicated as error bars. The normality of the data distribution was checked using Kolmogorov-Smirnov test, and all data were normally distributed.
Statistical analyses were performed using one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. Results with p < 0.05 were considered statistically significant. 
Results and discussion

Comparison between VUV
Ozone, which is also known to inactivate viruses, is generated during VUV irradiation ([E3]-[E5]), and reactive oxidants are generated from ozone dissociation under UV 254 nm ([E7], [E8]).
To analyze the contribution of the ozone generated in the VUV photolysis to the MS2 inactivation, we compared with the ozone dose combined with UV photolysis and the ozone dose treatment only for different ozone dose concentrations (60 -3,537 ppb) (Figure 3(a) ). These two treatments exhibited almost the same inactivation efficiencies, and hence UV photolysis did not contribute to the inactivation compared to the ozone dose treatment. In the ozone dose treatment, the used ozone concentration at each irradiation time (Figure 3(a) ) was the same as the ozone concentration generated from VUV photolysis with the same irradiation time (Figure 3(b) ).
When the ozone concentration was decreased to 150 ppb, which was generated when VUV light was irradiated for 0.009 s, the MS2 inactivation efficiency sharply decreased, and ozone dose treatment showed approximately 6 times lower MS2 inactivation efficiency than VUV photolysis.
These results indicated that the effect of reactive oxidants generated from ozone dissociation In addition, when the specific energy input (i.e., the energy required to disinfect airborne viruses) was increased from 0.25 Wh/m 3 to 5.56 Wh/m 3 , the MS2 inactivation efficiency increased from 48% to 100% for VUV photolysis and from 0% to 48% for UV photolysis (Table   2 ). Despite the same MS2 inactivation efficiencies, the specific energy input for the VUV photolysis was lower than that for the UV photolysis, and the irradiation time of VUV photolysis was shortened by 31 times. Because of this low virus inactivation efficiency at short irradiation time, most studies on conventional (254 nm or 365 nm wavelength) UV-based air purifiers are conducted in the recirculating mode with relatively long irradiation times (Grinshpun et al. 2007; Xu et al. 2005) . However, the flow rates in typical air-purifiers are several meters-cubed per minute, corresponding to an irradiation time of less than approximately 0.1 s (Shaughnessy and Sextro 2006; Zhang et al. 2011) . Therefore, VUV photolysis would be very attractive for practical applications in UV-based HVAC (heating, ventilation, air conditioning) purifiers. 
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Firstly, we compared the photocatalytic activities of TiO 2 catalyst with those of Pd-TiO 2 catalyst under VUV irradiation; they were also compared with VUV photolysis (without catalyst) ( Figure   4 ). No significant differences in MS2 inactivation were observed between these three groups;
however, ozone degradation was increased by 14% and 21% when plate TiO 2 and Pd-TiO 2 catalysts were used, respectively. These results indicated that, although Pd deposition did not improve MS2 inactivation, it greatly improved ozone degradation, even at short irradiation times.
Based on these results, we speculated that photochemical reactions on the surface of Pd-TiO 2 catalysts occur in two pathways: TiO 2 surface and deposited Pd nanoparticles in the supplemental information). inactivation and ozone degradation with fixed volume flow rates ( Figure 4 and Table 3 ).
The photocatalytic activity of Pd-TiO 2 for the simultaneous inactivation of MS2 and degradation of residual ozone was found to be dependent on the ratio of S/V, and the space velocity. A higher catalyst surface area and higher ratio of S/V resulted in higher ozone degradation; when the ratio of S/V increased from 2.0 × 10 5 to 8.3 × 10 5 , the ozone degradation efficiency increased from 20.7% to 50.5%. In addition, although the spiral type Pd-TiO 2 catalyst had a high S/V ratio, it exhibited the lowest MS2 inactivation efficiency and high space velocity.
This may be due to insufficient reaction time for MS2 inactivation in the gas phase. These results indicated that MS2 bacteriophages were inactivated by VUV light in the gas phase, and that the ozone was degraded by the catalyst surface. Thus, high S/V ratio and low space velocity ). Therefore, this VUV+UV combination system can be used for indoor air purification systems with high flow rates and short irradiation times. Figure 5 . The effect of RH on MS2 inactivation and O 3 degradation. Experimental conditions:
Effects of RH
[MS2] inlet = 1.7 × 10 3 PFU/ml, [O 3 ] VUV with catalyst = 65 ppb, irradiation time = 0.009 s, flow rate = 33 l/min, n = 3, *: P < 0.05, ns: P ≥ 0.05.
1986; Peccia et al. 2001) . High RH has been reported to be beneficial, as it generates high amounts of hydroxyl radicals, thus improving UV inactivation (Pal et al. 2008) . However, other studies have shown a significant decrease in UV inactivation rates at high RH levels due to competitive adsorption of H 2 O and organic molecules (Peccia et al. 2001) . In this study, to simulate dry and rainy conditions, 2 mm pleated Pd-TiO 2 /VUV photocatalysis was performed at RH levels of 10%, 40%, and 70% ( Figure 5 ). Apart from a slight decrease in MS2 inactivation at 70% RH, MS2 inactivation and ozone degradation in the 2 mm pleated Pd-TiO 2 /VUV photocatalysis showed no significant differences in these RH levels. These RH effects on the MS2 inactivation may be attributed to the hydrophobicity of Pd-TiO 2 . In fact, Pd nanoparticles on the surface of TiO 2 catalyst exhibited hydrophobic property , which can inhibit the adsorption of MS2 viruses and water molecules degrading the Pd-TiO 2 /VUV photocatalysis.
These results suggest that the VUV photocatalysis system with 2 mm pleated Pd-TiO 2 catalyst can be used for practical HVAC systems, regardless of RH. The change in viability of VUV-irradiated but still live viruses with time is important, especially if they are pathogenic. The last experiment in this study was conducted to evaluate the effects of time and temperature on the natural inactivation of MS2 bacteriophages that were subject to VUV-irradiation with the 2 mm pleated Pd-TiO 2 photocatalyst. To evaluate these effects indirectly, we passed the bacteriophages through the photo-reactor with and without VUV photocatalysis, collected them with a BioSampler, stored them for 1-12 h at 4 and 25 ºC, and quantified the PFUs formed ( Figure 6 ). When the viruses were collected without VUV irradiation, the MS2 inactivation rate, or the ratio C t /C o , at 25 ºC was higher than that at 4 ºC; however, the natural inactivation rates eventually reached similar levels, 53% and 55%, at 4 ºC and 25 ºC, respectively, after 12 h. In contrast, the concentration of viable MS2 viruses VUVirradiated decreased to approximately 30% of the initial concentration, irrespective of storage temperature, and was lower than that of non-irradiated ones. Considering the effects of the gas phase and catalyst surface (66.9% in the MS2 inactivation efficiency), and the indirect effects of VUV light (ca. 70% in the MS2 inactivation efficiency), VUV inactivation efficiency for MS2 bacteriophages reached more than 90% with an irradiation time of 0.009 s. Thus, VUV photocatalysis using 2 mm pleated Pd-TiO 2 catalyst can be an effective platform for simultaneous MS2 inactivation and ozone degradation, with very short irradiation times.
Indirect effects of VUV light
Conclusions
In this study, we explored VUV photocatalysis for simultaneously inactivating airborne MS2 viruses and degrading ozone, using effective catalyst frames (2mm and 5mm pleated, and spiraltype Pd-TiO 2 catalysts) and short irradiation times (0.004-0.125s). Compared with UV photolysis, ozone dose combined with UV photolysis, and ozone dose alone treatments, VUV tested catalyst frames, the 2 mm pleated Pd-TiO 2 catalyst was the most effective in inactivating MS2 viruses (more than 90% in the overall inactivation efficiency) under VUV irradiation at an irradiation time of 0.009s (flow-rate: 33 liter/min), contrasting with conventional UV irradiation.
In addition, the subsequent 2 mm pleated Pd-TiO 2 /UV photocatalysis process further degraded the residual ozone, such that the final level (35ppb) was below the CARB ozone emission limit.
This system has the potential for high-capacity bioaerosol inactivation in HVAC systems, regardless of the weather. 
